CD4 molecules on the surface of T lymphocytes greatly augment the sensitivity and activation process of these cells, but how it functions is not fully understood. Here we studied the spatial organization of CD4, and its relationship to T-cell antigen receptor (TCR) and the active form of Src kinase p56lck (Lck) using single and dual-color photoactivated localization microscopy (PALM) and direct stochastic optical reconstruction microscopy (dSTORM). In nonactivated T cells, CD4 molecules are clustered in small protein islands, as are TCR and Lck. By dual-color imaging, we find that CD4, TCR, and Lck are localized in their separate clusters with limited interactions in the interfaces between them. Upon T-cell activation, the TCR and CD4 begin clustering together, developing into microclusters, and undergo a larger scale redistribution to form supramolecluar activation clusters (SMACs). CD4 and Lck localize in the inner TCR region of the SMAC, but this redistribution of disparate cluster structures results in enhanced segregation from each other. In nonactivated cells these preclustered structures and the limited interactions between them may serve to limit spontaneous and random activation events. However, the small sizes of these island structures also ensure large interfacial surfaces for potential interactions and signal amplification when activation is initiated. In the later activation stages, the increasingly larger clusters and their segregation from each other reduce the interfacial surfaces and could have a dampening effect. These highly differentiated spatial distributions of TCR, CD4, and Lck and their changes during activation suggest that there is a more complex hierarchy than previously thought.
coreceptor CD4 | T-cell receptor | superresolution microscopy | PALM | dSTORM F or helper T cells, CD4 has been termed a coreceptor based on its important role in antigen recognition class II major histocompatibility complex (MHC)-peptide complexes by the αβ T-cell receptor (TCR) as well as in signal transduction. Indeed, CD4 significantly increases T-cell sensitivity to antigen upon activation (1) (2) (3) (4) . This ability of CD4 to enhance antigen recognition has often been connected to the fact that the N-terminal Ig domain of CD4 has specific affinity to invariant sites on MHC class II molecules (5, 6) . It has been suggested that CD4 stabilizes the molecular complex of TCR and peptide-MHC (pMHC) by binding to the same MHC either simultaneously with the TCR (7) or shortly after TCR-pMHC engagement (2, 3) . However, from more recent 2D measurements, CD4 blockades showed no effect on the stability of TCR binding to agonist peptide-MHC complexes in a synapse (8) . In terms of signal transduction, the role of CD4 has been studied based on the binding ability of a cysteine motif in the cytoplasmic tail of CD4 to Src kinase p56lck (Lck) (9) , which is responsible for the phosphorylation of the immunoreceptor tyrosine-based activation motif (ITAM) sequences in TCR-CD3 complex as the earliest observable biochemical event during T-cell activation (10) . It has been proposed that CD4 mainly contributes to the sensitivity of T cells by facilitating the recruitment of Lck to TCR-CD3s that are actively engaged in ligand recognition (11, 12) . Nevertheless, the absence of CD4 does not preclude T cells from being generated at the thymus or being activated by TCR-pMHC engagement (13, 14) .
It is now well appreciated that spatial reorganization and distribution of some of the membrane receptors and signaling molecules is one of the critical regulating mechanisms in T-cell activation. The molecular assembly and clusters such as supramolecular activation clusters (SMACs) (15) of immunological synapse (IS) (14) , microclusters (16) (17) (18) (19) (20) , and their roles in T-cell signaling have been widely studied. More recently, the presence and unique roles of smaller-sized protein clusters, termed "nanoclusters" or "protein islands," of TCR-CD3 complex (21) (22) (23) (24) , linker for activation of T cell (LAT) (21, 22, 24, 25) , Lck (26) , and other signaling molecules (24) were revealed by electron microscopy and the newly available superresolution fluorescence microscopy.
Considering that the TCR-CD3 complex, CD4, and Lck are constitutively expressed in nonactivated T cells, it is highly likely that the interaction dynamics between these components would also be controlled spatially during the T-cell activation process. Here, we studied the relative molecular distribution of these molecules using single-and dual-color photoactivated localization
Significance
Immune cell signaling is heavily associated with the spatial organization of molecules. Here, we examined the nanoscale organization of coreceptor CD4 and its relative spatial localization to the T-cell receptor and the active form of Src kinase p56lck (Lck), using two different superresolution microscopy techniques photoactivated localization microscopy and direct stochastic optical reconstruction microscopy in both living and fixed cells. With concurrent spatial analyses, we show that neither CD4/T-cell antigen receptor nor CD4/active Lck nanoclusters colocalize but only overlap at the interfaces. In activated T cells, the enhanced clustering of each kind results in increased seclusion from each other. Our observations here in molecular resolution may reveal the general roles that are played by nanoscale organization of critical components in immune cell signaling. microscopy (PALM) (27) and direct stochastic optical reconstruction microscopy (dSTORM) (28, 29) in live and fixed T cells for both nonactivated and activating conditions. The corresponding spatial analyses were also used to quantitatively determine the sizes, degree of clustering, and degree of interactions of these clusters. We found that CD4 is also expressed in preclustered structures, separate from TCR-CD3 and LAT, and composed of three to six molecules per cluster. The interactions between these molecules occurred only in the interfaces between the clusters. Upon T-cell activation, the TCR-CD3 and CD4 molecules increased the size of their own clusters without appreciable mixing. Instead, their molecular segregation increased, whereas the T cell develops a synapse structure, often in the SMAC or "bull's eye" pattern, with the TCR-CD3 in the central supramolecular activation cluster (cSMAC) with the CD4 and Lck clusters localizing around it. These observed clustering behaviors accompanying reorganization of spatial distributions of CD4, Lck, and TCR might be a general and effective mechanism to activate and regulate the T-cell signaling by controlling the magnitude of interfacial interactions between signaling components in each cluster.
Results

CD4 Molecules Exist in Nanoclusters and Concatenate/Merge upon
Activation of T Cells. To determine the molecular distribution of CD4 at the intact T-cell plasma membrane, we used a superresolution fluorescence microscopy technique, PALM. We cloned murine CD4 fused to the photoconvertible fluorescent proteins PSCFP2 (30) or photoactivatable fluorescent proteins PAmCherry (31) at the CD4 C terminus (Fig. S1A ) and expressed them in the plasma membranes of murine primary T-cell blasts prepared from the lymph nodes of 5c.c7 TCR-transgenic mice by retroviral transduction. These T cells are specific for the major histocompatibility complex class II molecule IE k presenting the moth cytochrome c 88-103 peptide (IE k -MCC) (32). Using both fluorescent protein tags, we could produce statistically evaluable data with a positional accuracy of 20-50 nanometers from the imaging of live T cells for 5-to 10-s data acquisition durations. We analyzed CD4-PSCFP2 or CD4-PAmCherry molecules expressed in plasma membrane of T cells sitting on either a nonactivating surface (poly-L-lysine, PLL) or an activating surface [IE k -MCC plus B7.1 (CD80)]. The T cells spread over 5-12 μm in width on nonactivating surfaces and were 8-18 μm in width on activating surfaces. Their activation status was confirmed by Ca 2+ flux measurements (Fig. S2) . We reconstituted the superresolution images as probability density plots of the tagged molecules (Fig. 1A) , and used Ripley's K function for quantitative spatial analyses ( Fig. 1 B-D) . As previously reported for TCR-CD3 (21), Lat (21, 24, 25) , and Lck (26), CD4 was not randomly distributed in nonactivated cells but preclustered in nanometer-scale membrane compartments (Fig. 1B) . By comparing the maxima of L(r) minus r in Ripley's K-function analysis (nonactivated: 36.3 ± 14.5 and activated: 72.7 ± 24.9), we observed that the degree of clustering is enhanced upon T-cell activation ( Fig. 1 B and C) . The r max value where L(r) minus r has a maximum value is indicative of the sizes of the analyzed clusters. The r max values also grow from 355 ± 178 nm in nonactivated state to 529 ± 216 nm in activated state (Fig. 1D) . Thus, we could conclude that there is a significant increase in clustering of CD4 after activation, compared with the nonactivated condition.
We also calculated the fraction of CD4 molecules that have at least one neighboring molecule within varying distances. The values from the PALM experiments showed positive deviation from the values calculated for the randomized case (Monte Carlo method) for distances up to ∼85-95 nm, regardless of the activation status (Fig. S3 ). This distance could be interpreted as a radius of a hypothetically circular nanocluster, and 94-97% of the detected molecules were found within a cluster of this size. The number of CD4 molecules within a cluster increased from 4-8 in the nonactivated state to 6-15 in the activated state (Materials and Methods). Whether this increase in molecular density results from a mere concatenation of noncircular nanoclusters or a merging of multiple clusters is not clear (Fig. S4) . Nevertheless, the increase in number of molecules for similar clustering distances before and after activation further support the increase in clustering of CD4 molecules upon T-cell activation.
Dual-Color PALM Shows Limited Interactions Between CD4 and TCR in both Nonactivated and Activated T Cells. We first used dual-color PALM to study the relative spatial organization of CD4 and TCR (labeled for CD3ζ in dual-color PALM experiments) in live T cells. Using a 2A-like peptide sequence (T2A) (33, 34) within a murine stem cell retroviral vector (Fig. S1B) , both chimeric proteins, CD3ζ-PSCFP2 and CD4-PAmCherry, were simultaneously expressed in the plasma membrane of the same primary 5c.c7 T blast. Using a beam splitter that allows the simultaneous acquisition of two colors in different regions of a CCD camera, we could achieve dual-color imaging within 10 s of acquisition with mean positional accuracies of 31 and 28 nm for PSCFP2 and PAmCherry, respectively (Fig. S5) . For nonactivated and activated T cells, the superresolution images of green (CD3ζ) and red (CD4) channels are reconstituted as probability density plots and precise overlay of the two channels with the appropriate color codes yielded two-color PALM images ( Fig. 2A) . We could first qualitatively determine the spatial distributions by close examination of these two-color images (such as zoomed images of 1 × 1 μm 2 Insets in Fig. 2A) . In nonactivated cells, the TCR and CD4 molecules reside in separate nanoclusters that are composed of 4-8 molecules and 13-18 molecules for CD4 and TCR-CD3, respectively. The interaction between TCR and CD4 (depicted as yellow dots in the two-color images) seems to be limited to the interfaces between their clusters. In activated T cells, the concatenations of these nanoclusters occur without further molecular interaction between the TCR and CD4, which in turn yields enhanced segregation from each other.
These findings could also be confirmed by quantitative analyses. We first calculated the fraction of CD4 molecules that have at least one neighboring TCR-CD3 within varying distances and compared the values calculated from the randomized spatial distributions of both CD4 and TCR-CD3 (Monte Carlo method) (Figs. S6-S8 ). In the nonactivated state, the PALM data showed positive deviation from the randomized cases, from 0 nm to a range of 25-50 nm, and negative deviations in a distance range of 30-200 nm (Fig. S6) . Within the distance ranges showing positive deviations, 49.8 ± 4.8% of total CD4 molecules associate with TCR-CD3 molecules, where one CD4 molecule is in close contact with 2.3 TCR-CD3 molecules on average. These data quantitatively support our finding that only the CD4 molecules on the border of a cluster are in close contact with TCR-CD3 and the molecules inside of a cluster seem to be spatially excluded from this interaction. The same analysis, applied to the activated T cells (Fig. S7) , showed statistically equivalent results to the nonactivated T cells (Fig. S8) . Next, we used bivariate cross-correlation function analysis (Fig. 2B) . In this analysis, we compared the bivariate curve [g 12 (r); Fig. 2B , red solid lines] with the 95% confidence interval of a random labeling model (Fig. 2B , blue dotted lines). In a nonactivated cell, the curve is just below the confidence interval, which indicates that there is limited interaction between TCR and CD4 molecules. Nevertheless from a statistical point of view, the two molecules are slightly segregated from each other compared with the random labeling. In an activated cell, the displacement of the curve below the confidence interval is much bigger, which suggests an enhanced segregation. To quantify the difference in the amount of segregation of nonactivated and activated T cells, we calculated the ratio between the bivariate correlation curve and mean value of confidence intervals and averaged for these values below 100 nm to introduce "degree of mixing" parameter for multiple individual cells (Fig. 2C) . The results also confirm that CD4 and TCR are more segregated under activating conditions (degree of mixing ∼76%) than in nonactivating conditions (degree of mixing ∼87%) compared with the random labeling (100% degree of mixing). Taken together, these data suggest that interaction between CD4 and TCR molecules is limited to those molecules (about 50% of total populations) residing at the interface (35-50 nm) of the different protein islands under both activating and nonactivating conditions. 2 areas where both molecules were detected at densities bigger than 100 molecules per square micrometer were used for the determination of the degree of mixing parameter (D).
Dual-Color dSTORM Imaging Confirmed the Limited Association
Between CD4 and TCR Nanoclusters in Nonactivated T Cells. The live cell PALM approach is the most noninvasive and physiological superresolution imaging modality owing to the use of genetically encoded fluorescent proteins. However, there still are chances to encounter artifacts that might distort to the molecular organization. For example, the expression of exogenous molecules with fluorescent protein tags could alter the natural expression level or organization of a given molecule. Competition between the endogenous and exogenous molecules and the selective detection of tagged populations might also generate artifacts. Additionally, a significant compromise in resolution can be induced in superresolution live cell imaging due to the spontaneous movements, such as molecular diffusion (35, 36) , of the molecules of interest during the acquisition period (37) . Therefore, we also performed dSTORM imaging for the nonactivated T blast sitting on PLL ( Fig. 3 A and B) . The T cells were fixed and permeabilized, before TCR and CD4 were labeled with fluorophore-conjugated monoclonal antibodies, antiCD3e-AlexaFluor 488 antibody, and anti-CD4-Alexa-Fluor 647 antibody, respectively. As the staining was performed with conventional fluorescent dyes, the diffraction-limited total internal reflection fluorescence microscopy (TIRFM) images could also be acquired before most of the dyes were switched to the dark state for dSTORM acquisition (29) in an identical cell. The seemingly homogeneously distributed TCR (CD3e for the rest of TIRFM and dSTORM experiments) in the TIRFM image is actually residing in small nanoclusters in reconstructed dSTORM image, as previously seen in the live cell PALM experiments. In TIRFM, CD4 also looked homogeneously distributed with certain local fluctuations of fluorescence signals throughout the membrane, whereas significant accumulation of fluorescent signal was observed in the periphery. However, the dSTORM images also confirm the preclustered nature of CD4 in nonactivated cells (Fig. S9A) . In Ripley's K-function analysis performed for multiple individual cells ( Fig. S9 B and C), the degree of clustering measured by maxima values of L(r) minus r (50.7 ± 23.3) is bigger than the value measured in PALM. This discrepancy might originate from the difference in labeling and detection of molecules between PALM and dSTORM: Each antibody molecule used in dSTORM contains multiple dye molecules and these dye molecules can reversibly photoswitch for multiple cycles, whereas in PALM, each molecule is genetically tagged with a single fluorescent protein, and the blinking (38) of fluorophores could areas where both molecules were detected at densities bigger than 100 molecules per square micrometer were used for the determination of the degree of mixing parameter (E ).
be minimized (Materials and Methods). However, the r max values, 282 ± 103 nm, which are indicative of the cluster sizes and not affected by the photoswitching behavior of a fluorescent tag or the labeling density, are comparable to the values measured using PALM (Fig. S9D) . The dual-color dSTORM images (Fig. 3 A, Top and B, Left) and bivariate cross-correlation function analyses on those images also yielded results comparable to PALM, showing that clusters of TCR and CD4 are segregated from each other with limited interactions (Fig. 3C) .
T Cells Activated on Fluid Lipid Bilayers Formed a SMAC and dSTORM Shows That the CD4 Clusters Are Largely Excluded from the Central TCR Clusters. As both TCR and CD4 have affinities toward pMHC molecules, using an activated surface with IE k -MCC molecules in their fixed positions (i.e., an immobilized surface) might generate artifacts or could potentially hinder the most physiological movements of the molecules upon activation of T cells. To address this issue, we also examined the T-cell membranes activated on fluid lipid bilayers presenting ∼180 IE k -MCC, ∼20 B7-1, and ∼25 ICAM-1 molecules per square micrometer. On these supported lipid bilayers, the formation of the bullseye pattern with a centrally concentrated TCR cSMAC and the integrin, LFA-1, concentrated in the outer ring (peripheral supramolecular activation complex, pSMAC) is a well known feature of the T-cell IS (14, 15) . When we examined the fixed T cells after incubation on the lipid bilayers for 10 min at 37°C with TIRFM, the majority of the T cells examined (58 of 67, ∼87%) clearly developed a cSMAC structure (Fig. 3A, Bottom) . TIRFM for the CD4 channel and its overlay with the TCR channel showed very minimal overlap with the TCR-concentrated region. This differential clustering of CD4 and TCR was previously shown in the interface between T cells and antigen-presenting cells (APCs) (39) .
Again, Ripley's K-function analysis for the dSTORM images of CD4 molecules was performed for multiple cells. Here, we observed a clear accumulation of CD4 molecules in the periphery of the cell-surface contact area on both PLL and lipid bilayer (LBL). Because the clustering behaviors were clearly differentiated for the inner area (Fig. S9 ) versus the periphery (Fig. S10) , we analyzed the data separately. For the molecules detected in the inner contact area, both the degree of clustering and the size of the clusters increased compared with nonactivated T cells, similar to live-cell PALM results on an immobilized surface (Fig. S9 C and D) . The r max values measured on lipid bilayers were statistically identical to the values measured on immobilized surfaces. In contrast, the molecules detected in the periphery showed a very wide range in their degree of clustering as well as cluster size, both of which were statistically equivalent for both activated and nonactivated cells (Fig. S10) .
In the dual-color dSTORM images, it is noteworthy that most of the CD4 clusters reside outside of the centrally concentrated TCR clusters (Fig. 3A, Bottom) . Even though we could observe the presence of CD4 clusters within the central region of concentrated TCRs, the interaction between the TCR and CD4 clusters was always very minimal. The bivariate cross-correlation analysis confirms this enhanced segregation in this highly organized IS (Fig. 3D) .
The degree of mixing parameters calculated from dSTORM images for nonactivated cells (mean ∼77%) were about 10% smaller than the values calculated from PALM images. This is again probably due to artifacts originating from the multiple labeling for a single molecule plus potential multiple recognition of a single dye in dSTORM. Nevertheless, the degree of mixing calculated for the cells activated on the lipid bilayers also showed diminished values (mean ∼67%), which indicates that CD4 and TCR clusters further segregate from each other during mature IS and SMAC formations (Fig. 3E) . (14, 15) .
Constitutively "Active" LcK Molecules Reside in Separate Clusters and Accumulate Near the Central Region upon T-Cell Activation, but with only Limited Interactions with TCR and CD4 Clusters. The enzymatic activity of LcK depends on conformational changes regulated by phosphorylation and dephosphorylation of two critical tyrosine residues, Y394 and Y505 (40) . Lck molecules show an enhanced substrate phosphorylation only when Y394 is phosphorylated, regardless of phosphorylation status of Y505 (41, 42) . And a significant fraction of Lck molecules exist in these "active" forms in both nonactivated and activated T cells (43) . So we examined the spatial distribution of these active Lck molecules by TIRF and dSTORM after specific fluorescence labeling with a polyclonal antiserum specific for the Y394 phosphorylation.
First in TIRF imaging, we could observe some clustered structures of Lck molecules in both cases of T cells sitting on PLL and LBL (green channel images in Fig. 4A ). Compared with TCR or CD4 clusters in T cells on PLL (red images in Fig. 4A ), which are smaller and barely noticeable in diffraction-limited TIRFM images, we could always detect distinguishable clusters of Lck on PLL. And these clusters of Lck are distributed evenly across the T-cell-PLL surface contact area. Upon the activation of T cells on fluidic bilayers for 10 min, the Lck clusters accumulate near the central region in the T-cell-LBL contact area. It was previously shown that the major interaction between active Lck and TCR is limited to peripheral microclusters after around 5 min of activation (18) . The relative macroscopic distributions of Lck molecules with those of TCR and CD4 were compared by the relative intensities of the line scans for green and red TIRFM images for each labeled T cell (Fig. 4B) . First, both Lck and TCR are evenly distributed across the contact with PLL, and line scans of the Lck channel shows more distinguishable peaks compared with that of TCR, which indicates that the sizes of Lck clusters are bigger than those of TCR. The line scans of CD4 molecules on PLL confirms the accumulation in the periphery of the contact area as described in the previous section and the uniform distribution with a few distinguishable peaks across the contact. The relative spatial distributions of Lck and CD4 on PLL do not correlate well. On bilayer surfaces, line scans of the TCR channel shows a very narrow peak in the central region, which corresponds to the well-known cSMAC. Lck molecules are clearly accumulated near the cSMAC of the major TCR accumulation. However, the distance over which the Lck molecules accumulate is wider than that of TCR, i.e., the accumulation pattern is not as concentrated as that of the TCR. The two peaks in the line scan of Lck locates 1.5 ± 0.1 μm away from the central peak of the TCR cSMAC line scan, which corresponds to the observation of TIRF image where Lck molecules are recruited near to the central region, but only accumulate around the SMAC of TCR. As we observed a similar accumulation of CD4 molecules around the central TCR SMAC described in the previous section, we were curious whether or not Lck and CD4 colocalize around the TCR cluster. The TIRFM images and line scan of CD4 and Lck pair show that both CD4 and Lck clusters accumulate near the central region, but the local peaks do not overlap with each other; that is, the CD4 and Lck clusters seem to be separated from each other.
Next we used dSTORM imaging and the corresponding Ripley's K-function analysis to examine the clustering behavior of Lck (Fig. S11 and Fig. 4 C and D) . Regardless of activation status, we observed the Lck molecules reside in clustered structures. And we found that clusters with wide ranges of the degree of clustering and cluster sizes coexist in a single cell (Fig. S11) . Even though the presence of Lck clusters overlaying with either TCR or CD4 clusters was not visible in TIRFM, it is ambiguous with these data to determine what fraction of molecules are in close enough proximity such that they can readily interact. Therefore, we used dual-color dSTORM imaging for the pairs of Lck-TCR and Lck-CD4 (Fig. 4A) . By analyzing the data with bivariate cross-correlation function, we could quantitatively determine the degree of mixing parameter including those populations of molecules that are residing in small nanoclusters that were not resolved in the diffraction-limited TIRFM (Fig. 4E) . For both pairs of Lck-TCR and Lck-CD4, the degree of mixing calculated for the nonactivated cells (sitting on PLL) had mean values around 36%, which indicates that the molecules in their separate nanoclusters are already quite secluded from each other compared with the hypothesized random mixing. And again they were even more segregated within the first 10 min of T-cell activation, as indicated by their decreased degree of mixing values [mean values of 10% (Lck-TCR) and 13% (Lck-CD4)]. Thus, we could conclude that the interactions between the active Lck molecules with TCR and CD4 are tightly regulated as the macroscopic spatial reorganization of the nanoclusters progresses to form a mature immunological synapse.
Discussion
Here, we examined the molecular distribution of CD4 in a live T-cell membrane using two different methods of "superresolution" fluorescence microscopy. For the most physiological observation of CD4 distribution in T-cell membrane without generating complications from antibody labeling and cellular fixation, we first used a live-cell PALM approach. If T cells are placed on a nonactivating PLL surface to represent the nonactivated state, CD4 molecules reside in separate protein islands or nanoclusters, as previously shown for TCR-CD3 complexes (21-23), (Fig. S11) were analyzed for the maxima values of L(r) − r (C) and r max (D) for multiple cells (n = 32 for PLL, n = 31 for LBL). (E) The degree of mixing parameter between active Lck and CD3e and between active Lck and CD4 were compared for nonactivating (PLL) and activating (LBL) conditions from the experiments of multiple cells (n = 9 for Lck-CDe on PLL, n = 5 for Lck-CDe on LBL, n = 11 for Lck-CD4 on PLL, and n = 8 for Lck-CD4 on LBL). NS, statistically nonsignificant. *P < 0.01 and **P < 0.001 (Student t test). Data in A and B are representative of experiments for a total of 33 cells.
Lat (21, 22, 25) , and Lck molecules (26) . On an activating but immobilized surface presenting pMHC and B7.1 molecules to T cells these CD4 clusters concatenate to form bigger and denser microclusters, as seen for other T-cell membrane proteins (21, (24) (25) (26) .
Because it is known that CD4 molecules bind to peptide MHC complexes in productive complexes with TCR-CD3 complexes, we expected that these CD4 clusters would merge with TCR islands. However, instead, in both PALM and dSTORM experiments, it is clear that these TCR-CD3 and CD4 clusters remain segregated, except at the interface within the limits of positional accuracy (∼25 nm) (depicted as yellow pixels in Figs. 2  and 3 ). This finding is quantitatively supported by cross-correlation function analyses and by the introduction of the degree of mixing parameter, which showed that the determined probability of co-clustering is smaller than the randomized case.
For dual-color imaging of TCR-CD4 pairs in activated T-cell membranes, we presented physiological agonist pMHC with B7.1 either on immobilized glass slides or on glass-supported fluid lipid bilayers in PALM or dSTORM, respectively. Regardless of the fluidity of the activating surfaces, the separate concatenations of TCR and CD4 clusters result in further segregation. The T cells developed highly concentrated TCR clusters in the central region of T-cell-LBL contact as a well-defined cSMAC. In diffraction-limited TIRFM images, these cSMAC of TCR looked like a single entity. It was previously shown that the cSMAC is formed by a collection of microclusters that are transported from the periphery (17, 18) , and that these microclusters maintain their independent movement before they fuse to form larger clusters and become immobilized in an interconnected network between 5 and 15 min after the initiation of activation (44) . In our dSTORM images, the cSMAC is composed of multiple concatenated microclusters of TCR. Interestingly, we could often observe a smaller number of separate CD4 microclusters intercalated within the larger number of TCR clusters. However, importantly, the majority of CD4 microclusters aligned along the periphery of cSMAC of TCR (Fig. 3) . This finding agrees well with the disparate spatial accumulation and segregation of CD3ζ and CD4 at the IS formed between T-cell-APC interfaces (39, 45) , but with a much higher resolution than previously reported.
The spatial distribution of TCR-CD3 and CD4 was previously examined using another nondiffraction-limited optical microscopy technique, namely near-field scanning optical microscopy and immune-labeling quantum dots (46) . In their best resolution of around 50 nm, the authors showed that the TCR-CD3 and CD4 reside in their separate nanoclusters with minimal association in a nonactivated state, which agrees well with our findings. However, they found significant colocalization of TCR-CD3 and CD4 when the T cells were imaged after being activated on an anti-CD3 antibody-coated surface for 8 h and fixed. The degrees of clustering of TCR-CD3 and CD4 as well as their colocalization were enhanced by an addition of anti-CD28 antibody in their 8-h activation culture. For a direct comparison, our live cell PALM data acquired on a glass slide coated with immobilized pMHC with B7.1 would be the most similar counterpart, for they also used an immobilized surface for the activation of T cells. However, it is difficult to know what caused the discrepancy due to the many differences in the experimental designs including T-cell source (mouse T blast vs. Rhesus monkey peripheral naïve T cells), activation method (pMHC with B7.1 vs. anti-CD3 and anti-CD28 antibodies), duration of activation (∼5-15 min vs. 8 h), or simply the resolution.
To fully interpret the implications of the findings in the relative spatial organization of TCR and CD4, it was required to examine their relative spatial distributions with Lck, one of the main and probably the most initial kinases for phosphorylation of ITAM motifs in CD3 upon TCR-pMHC engagement. And there is accumulating evidence that supports the common postulation that CD4 contributes to T-cell function by recruiting Lck (11, 12, 47, 48) . The recruitment of Lck by CD4 could be divided to two steps: the first step is the recruitment of Lck toward the IS formed between the T cell and APC, and the second step is the spatial recruitment of Lck to its substrate TCR-CD3 complexes within the T-cell-APC interface. The first recruitment was directly observed for the Lck molecules accumulated in the IS (11, 12, 39, 45) . However, the second recruitment of Lck molecules to TCR-CD3 complexes is less studied and the role of CD4 in this recruitment is still elusive. Furthermore, it has only recently become clear that all four different conformational states of Lck are determined by the combined phosphorylation status of two regulating tyrosine residues (Y394 and Y505) and that these constitutively coexist in a dynamic equilibrium, regardless of the activation status of a T cell (43, 49) . However, it is not as clear whether or not the activation of a T cell induces changes in the relative proportions of the activated forms of Lck (43, 50) . Therefore, how nonspecific phosphorylation of the ITAM motif by constitutively existing active forms of Lck is regulated in nonactivated T cells, and how the constitutively existing active forms of Lck are involved in a very efficient and fast signaling propagation upon ligation of TCR, are still open questions. And here, we wanted to examine whether and how CD4's spatial recruitment of Lck to the TCR plays a role in this puzzle.
So we examined the relative spatial distribution of Lck itself, and pairs of Lck-TCR and Lck-CD4 focusing on the active forms of Lck (Lck-pY394) using dSTORM. Recently, Gaus and coworkers used PALM and dSTORM to show that Lck clustering is dependent and tightly regulated by its conformation status (26) . Our results for the clustering behavior of Lck-pY394 from our dSTORM imaging and the Ripley's K-function analysis agree well with their findings, in that active Lck forms exist preferentially in more clustered forms. They found that both the degree of clustering and the cluster sizes increase upon activation of T cells for the wild-type Lck. The fact that we did not observe this behavior is not surprising because we are only examining the Lck populations in their active conformation. And finally, a wide range of clustering and cluster sizes was also found in their mutated forms of Lck(Y505F) and Lck(Y505F, K273R), as we observed for the Lck-pY394 forms.
From dual-color imaging of nonactivated T cells for both Lck-TCR and Lck-CD4 pairs, we observed that the small clusters of TCR-CD3 or CD4 were still separate entities from the clusters of Lck-pY394. This observation fits with the view that key signaling molecules are segregated to better modulate their activity and suppress the nonspecific activation. And within 10 min of activation on LBL, TCR, CD4, and Lck molecules transported with macroscopic redistribution to develop well-organized IS, in which TCR clusters are located in the central area surrounded by CD4 and Lck clusters. In this type of mature IS, Lck molecules are also segregated away from TCR and CD4 molecules. However, how can this enhanced separation between critical components in T-cell signaling be compatible with T-cell activation? First, similar disparate accumulation of TCR and Lck has been reported for T cells interfacing antigen-presenting LBL (18) or APC (12, 45) , and it was shown that Lck activity in proximity to the TCR is limited in the peripheral microclusters (18) . As we could not observe newly generated TCR clusters in the periphery by either dSTORM or TIRFM, it was impossible to examine the nature of interactions between Lck and TCR in the previously suggested newly formed microclusters. However, if we combine our findings with the superresolution imaging data of T cells activated on immobilized surfaces coated with anti-CD3 antibodies by Gaus and coworkers (26), we can hypothesize that the separate nanoclusters of TCR and Lck in nonactivated cells concatenate upon the activation of T cells, while maintaining their separate structures, and that it is likely that Lck activities against TCR mainly occur in cluster-cluster interface.
For the same volume (or the surface area for a membraneoccupied entity) that a given number of molecules occupy, the size of the boundary surface (or the boundary line for a membrane-occupied entity), i.e., interface, is dependent upon how they are distributed. The smaller the cluster sizes, the bigger its interfaces. The small sizes of the preclusters of TCR guarantee the effective interfacial interactions with Lck. Furthermore, it was previously shown that Lck molecules alternate from being trapped within a CD2 cluster (with reduced mean diffusion coefficient of 0.26 μm 2 /s) and being released to diffuse with a higher mean diffusion coefficient of 0.46 μm 2 /s (19) . Therefore, the interfacial interactions would be sufficient to rapidly propagate signaling not only between the molecules trapped within each cluster but also between the protein clusters. Using dual-color PALM, Samelson and coworkers previously reported that LAT and TCR-CD3ζ clusters mainly colocalize at similar interfaces, and they postulated that these interfaces might serve as signaling "hot spots" (24) . Interestingly, in the same report, they also showed that TCR-CD3ζ and ZAP-70 perfectly colocalize upon T-cell activation without forming the interfaces. As ZAP-70 is recruited to the phosphorylated CD3ζ chains upon T-cell activation (51), it is inferred that not only the TCR-CD3ζ molecules at the interfaces, but also the ones inside the clusters are effectively phosphorylated. Thus, it seems that the signaling within a TCR-CD3ζ cluster is propagated in a rapid and efficient manner. The difference in colocalization behaviors between the pairs of TCR and Lck or LAT (colocalize at interfaces) and the pair of TCR and ZAP-70 (colocalize without forming interfaces) might originate from the differences in their nature of association to the plasma membrane and the local membrane lipid compositions.
Within 5 min after activation, while actin-dependent transport of TCR clusters develops centrally concentrated SMAC, the cluster sizes become bigger, leaving Lck clusters surrounding the centrally located TCR clusters with regulated interfacial surfaces. Whether the resulting interfacial surfaces function to modulate signaling or as a more stabilized signaling hot spot awaits further investigation. It was also interesting to find that the Lck and CD4 clusters accumulating around TCR-CD3 in the cSMAC also maintain their disparate cluster structures. This observation is different from the colocalization of CD4 and Lck observed in T-cell-APC interfaces before (45) . This discrepancy might simply be due to the significant differences in spatial resolution. In another observation made in T-cell-APC interface where the specific population of active Lck-pY394 is studied, they found that CD4 is critical for the recruitment of Lck molecules to IS between T-cell and APC for the initial 1-2 min, whereas CD28 is critical to potentiate and sustain Lck kinase activity afterward (12) . Thus, it is possible to postulate that the spatial distribution of active Lck clusters in our results may represent the later stage of Lck clusters with coexisting CD28 molecules instead of the initial CD4-associated clusters. And the accumulation of CD28 microclusters in a spatially disparate subregion of cSMAC was also shown previously (52) . Thus, it now seems that the structure of the IS is far more complex than previously appreciated.
In summary, CD4, active Lck (Lck-pY394), and TCR were preclustered in spatially separate protein islands/nanoclusters regardless of the activation state of the T cells, and in our experiments, these different entities were never fully colocalized (Fig. S12) . The redistribution and enhancement in clustering of TCR and CD4 upon T-cell activation confine their interactions to the interfaces between clusters. It is important to note that we might possibly have failed to capture some short temporal window when these clusters fully integrate. However, this seems unlikely, as these separate clusters of protein are so ubiquitous. And as long as they contact at the interfaces, there will be quite a bit of possible interaction, given the speed of diffusion. Nevertheless, these spatially separate clusters effectively prevent nonspecific random initiation and propagation of signaling. And CD4-Lck interactions seem to play a significant role in the recruitment of Lck molecules into the IS between the T cell and APC. Once Lck molecules reach the IS, the active conformations could reside in their separate clusters, possibly colocalized with CD28, where they interact with TCR-CD3 complex molecules at the cluster interfaces. The separate clustering behaviors of TCR, CD4, and Lck molecules and their spatial redistribution forming a complex hierarchy in the IS suggest that this is not only a general property of T-cell signaling molecules, but likely other cell types as well.
Materials and Methods
Cells and Reagents. The 5c.c7 primary T blast cells were isolated from lymph nodes of transgenic mice and used in ∼7-10 d after being killed. The retroviral infections for the live cell PALM experiments were performed as described previously (21) . Constructs of either PSCFP2 (Evrogen) or PAmCherry (mutagenesis of mCherry using a Stratagene kit) were introduced at the 3′ end of murine CD4 cDNA following sequences for 3(GGGGS) linker (Fig. S1A) in a murine stem cell virus-based retroviral vector and used to produce ecotropic retrovirus in Phoenix cells. For dual-color PALM, T2A sequence was incorporated in the same ORF between the constructs for CD3-PSCFP2 and CD4-PAmCherry (Fig. S1B) . Poly-L-lysine, glucose oxidase, catalase, Triton-X, 2-mercaptoethanol (Sigma-Aldrich), streptavidin (Thermo Scientific), all lipids (Avanti), 16% (wt/vol) formaldehyde solution (Pierce), 8% (wt/wt) glutaldehyde (Electron Microscopy Sciences) were purchased and used as received. Anti-CD3e-AF647 (clone: 145-2C11) and anti-CD4-AF647 (clone: RM4-5) antibodies were purchased from BioLegend. Polyclonal rabbit antiLck-pY394 antibody and secondary antibody against anti-rabbit IgG-AF488 were purchased from Bioss and Invitrogen, respectively. Biotinylated PLL was prepared by reaction of PLL with Sulfo NHS-LC-biotin (Pierce) in a targeted ratio of 1 biotin group for every 50 lysine units, followed by dialysis and lyophilization. IE k -MCC, B7.1, and ICAM-1 with C-terminal 12His-tag and biotinylation motif were expressed in either bacteria (BL-21) or baculovirusinsect cell expression system (Sf9, Hi-5), and purified by Ni-NTA affinity chromatography (Qiagen) and size exclusion chromatography (Superdex200, GE Healthcare). Proteins used for the modification of immobilized surfaces were biotinylated using BirA (Avidity).
Preparation of Immobilized Surfaces and Glass Supported Lipid Bilayers. and AF488, Stabilite 2017-AR, Spectra Physics) in a combination with a 568-nm optically pumped semiconductor laser (excitation for PAmCherry, Sapphire 568, Coherent) or a 647-nm krypton laser (excitation for AF647, Stabilite-KR; Spectra Physics) line. A 405-nm UV diode laser (Radius405, Coherent) was applied in epifluorescence mode for accelerated photo-conversion rates. The fluorescence emission was separated with a dichroic mirror (585dcxr or 630dcxr, Chroma) installed in a beam splitter (DV2, Photometrics), and optically filtered with an et525/50m (PSCFP2, AF488) in combination with an et620/60m (PAmCherry) or a HQ680/50m (AF647) emission filter (Chroma). The StopLine Notch filter (Semrock) corresponding to each laser line was also used to prevent the excitation lights from being acquired. The samples were continuously photoconverted and excited, while stream acquisitions of images were performed by a back-illuminated electron multiplying charge coupled device (EMCCD) camera (Cascade II:512, Roper Scientific) at a readout speed of 5 MHz with full electron multiplying (EM) gain. For the live cell PALM, the cells in HBSS containing 2% (vol/vol) FBS were loaded onto the chamber on top of a temperature-controlled (37°C) objective lens. Within ∼5-15 min after loading, images were acquired at an ∼4-to 10-ms frame rate for ∼1,000-3,000 frames. Using optimal excitation laser powers in the ranges of 0.3-1.5 kW/cm 2 for 488-nm argon laser (PSCFP2) and 0.1-0.6 kW/cm 2 for 568-nm laser (PAmCherry) and nonreducing imaging medium without oxygen scavenger, most of the PSCFP2 and PAmCherry molecules were irreversibly photobleached after initial excitation (30, 31) , which minimized the blinking (38) . The intensity of the 405-nm laser was optimized to maximize the number of visually distinguishable fluorophores appearing per frame.
For the dSTORM, the cells in culture medium (complete RPMI) were loaded onto the chamber and incubated in a CO 2 tissue culture incubator. In 10 min after loading, the cells in the chamber were sequentially washed with PBS, fixed with 4% (vol/vol) formaldehyde and 0.2% (vol/vol) glutaldehyde in PBS for 30 min, washed and blocked with 1% (vol/vol) FBS and 0.5% (wt/vol) BSA in PBS, and permeabilized with 0.5% (vol/vol) Triton-X in PBS. After incubations with antibodies for labeling and rigorous washings, the chamber was exchanged with an oxygen scavenging buffer (50 mM Tris, 10 mM NaCl, 143 mM 2-mercaptoethanol, 10% (wt/vol) glucose, 0.56 mg/mL glucose oxydase, 40 μg/mL catalase) for dSTORM imaging. The images were acquired at an ∼20-to 50-ms frame rate for ∼5,000-20,000 frames. The control experiments for correction of stage drift and precise overlay of dual-color images were performed using the 100-nm microspheres (TetraSpeck, Molecular Probes). The error associated with the alignment of dual-color images was calculated using more than five reference points near the four corners and a center of a rectangular acquisition window. The misplacements in all reference points were less than 0.1 CCD camera pixel distance (∼16 nm). Thus, the estimated overall positional accuracies in the dual-color PALM and STORM images are ∼40-50 nm. All of the device controls and image acquisitions were performed by using Metamorph software (Molecular Devices).
Data Analyses. PALM and dSTORM data were analyzed using custom software written in MATLAB (MathWorks) for single molecular localization by Gaussian approximation of the microscope's optical point spread function and maximum-likelihood algorithm (21) , and the positional accuracy for each single molecule was determined (53) . Rigorous filtration for the signals determined as a single molecule was followed using strict thresholds applied for signal-to-noise ratio, intensity, full width at half maximum, and the positional accuracy. Furthermore, all of the signals located within the same pixel in consecutive frames were discarded except the first frame of the particular series. The reconstructions of PALM and dSTORM images were also performed using MATLAB (MathWorks). For the single-color experiments, color maps of density distribution of molecules were created by representing each molecule by a normalized Gaussian density distribution function with a width given by the determined positional accuracy determined in the localization of the particular fluorophore. For the dual-color experiments, each molecule was represented by a circle in green or red with a radius equal to the mean positional accuracy. In the reconstituted twocolor PALM and dSTORM images, the yellow pixels represent the area where the green and red circles overlay. The spatial distributions of molecules were analyzed using Ripley's K function and bivariate pair correlation function analyses. Typically, representative 3 × 3 μm 2 areas per cell were used for a single analysis, and all of the analyses were performed for every 5-nm increment up to 1 μm addressing edge effects. For single-color data, 100 Monte Carlo simulations of Ripley's K-function analyses using randomized datasets were performed to achieve 99% confidence intervals, and positive deviation in L(r) minus r values from the upper confidence line indicated a statistically significant clustered behavior. For bivariate pair-correlation function analyses of two-color data, we used a random labeling model as a null hypothesis. In this model, all of the molecules are randomly labeled for a given number of molecules per type (determined by the sample), while locations of all of the molecules are preserved. Again, 100 simulations were performed to achieve 95% confidence intervals. The negative deviation of the data line from the lower confidence line indicated a statistically segregated behavior compared with random labeling. Univariate or bivariate nearest neighbor analyses were performed by calculating the fraction of CD4 molecules that have at least either a neighboring CD4 molecule (univariate) or a neighboring TCR-CD3 molecule (bivariate) within varying distances. The distance up to which the PALM data show positive deviation from the values calculated for the randomized case (Monte Carlo method) was determined either as a radius of a hypothetically circular nanocluster or as a distance over which CD4 and TCR-CD3 clusters overlap. The detected number of molecules within a hypothetically circular cluster was adjusted to the reported number of molecules by normalization with the detection rate of molecules in PALM. It was estimated that only 45-75% of the total CD4 molecules and 37-55% of the total TCR-CD3 molecules could be recognized in PALM. For this estimation, it was assumed that the actual total numbers of CD4 and TCR-CD3 molecules are 5 × 10 4 (54, 55) and 1 × 10 5 (56, 57), respectively, per cell with a size of 10 μm in diameter. The degree of mixing parameter was introduced and calculated as this: First, the ratio between the g 12 value of the sample and the mean value of g 12 from 100 random labeling simulations were calculated. Then, the averaged value of these ratios up to 100 nm was determined as degree of mixing. Linescan analysis of TIRFM images was performed using Metamorph software (Molecular Devices).
